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Abstract — This letter proposes a novel and complexity minimal 
random vehicle selection (RVS) scheme for drive-thru Internet 
systems. A mathematical framework is established with the objec- 
tive of modeling a vehicle's onboard unit's buffer and evaluating 
its performance under RVS in terms of several quality-of-service 
metrics. Extensive simulations are conducted to verify the pro- 
posed model's validity and accuracy. 

Index Terms — Modelling, performance, drive-thru, VANETs, 
V2I. 

I. Introduction 

THE term Drive-Thru Internet (DTI) was first coined to 
refer to systems provisioning on-the-fly Internet access in 
vehicular environments through Vehicle-to-Infrastructure (V2I) 
communications as illustrated in Fig. 1. Such systems offer 
various wireless services including but not limited to: a) media 
streaming, b) web browsing, c) e-mail, and so forth. Observe 
that more than one vehicle may be present within the coverage 
range of a Stationary Internet Gateway (SIG), and multiple ones 
of these vehicles may require Internet access at a time. This 
gives rise to a multiple access problem whose resolution is, 
indeed, challenging. It has been established in the literature 
((e.g., [2]) that the amount of service (i.e., data downloaded 
(uploaded) from (to) a SIG) that a vehicle j can receive depends 
on: a) wireless network settings (e.g., data transmission speed), 
b) the residence time Rj of that vehicle within the SIG's 
coverage range c) the dynamically varying number of vehicles 
concurrently present within the SIG's coverage range during 
Rj and requiring Internet access and d) the adopted medium 
access protocol. In turn, Vj is affected by the vehicular traffic 
behavior; in particular, the vehicular density and traffic flow 
rate. All of the above capitalizes on a remarkably interesting 
correlation between all of the dynamic behavior of vehicular 
traffic, the wireless network's resources and the V2I communi- 
cation performance of a DTI system. 

The literature encloses several seminal work revolving 
around the evaluation of a DTI system's performance in a 
context similar to that illustrated in Fig. 1. The authors of [1] 
model the ideal vehicular data download process using a series 
of transient Markov Reward Processes with the objective of 
characterizing the distribution of a vehicle's downloaded data 




Fig. 1. Vehicle-to-infrastructure communications scenario. 

volume throughout that vehicle's residence time within a SIG's 
range. The work of [2] revolves around modeling the SIG as 
a multi-server queue whose customers are Service Requests 
(SRs) uploaded by newly incoming vehicles into the SIG's 
range. SRs will queue into the SIG's buffer until opportunities 
arise for them to be served. However, upon the departure of 
a vehicle from the SIG's range, all of its associated queueing 
SRs at the SIG will be discarded — an event referred to as SRs' 
reneging (i.e., the premature departure of SRs from the SIG's 
queue) — and any of its SRs receiving service will be subject to 
service force- termination. The proposed complex model in [2], 
even though partially simplified through approximations, still 
necessitated exhaustive analysis. 

This letter aims at addressing the limitations of [1] and [2] 
through the proposal of a novel and complexity minimal Ran- 
dom Vehicle Selection (RVS) V2I communication scheme, 
which, by design, ensures spectrum distribution fairness and 
relaxes [l]'s restrictive assumption that all vehicles within the 
coverage range of a SIG navigate at the same speed. Following 
a description of RVS's dynamics, a mathematical framework 
is established herein for the purpose of: a) Showing that the 
OnBoard Unit's Buffer (OBUB) of any arbitrary vehicle oper- 
ating under RVS can be modeled as a simple M/G/l queueing 
system and b) Evaluating the performance of the DTI system 
as seen from the angle of any arbitrary vehicle operating under 
RVS. The adopted QoS performance metrics are: i) the packet's 
service time, ii) the system's response time and Hi) the per- 
vehicle throughput. 
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n. Random Vehicle Selection (RVS) V2I Scheme 

Fig. 1 shows a SIG G, which is connected to the Internet 
through minimal networking infrastructure. G has a coverage 
range that spans a segment of the road of length dc along 
which it is deployed. Vehicles navigating along the road at 
different speeds enter the range of (i.e., arrive at) G at random 
times. Passengers commuting onboard these vehicles generate 
data packets using their mobile devices (e.g., smart phones, 
PDAs, etc.). These packets are buffered at the vehicles' OBUBs 
in anticipation of possible release opportunities to the SIG G, 
which, in turn, will route them over the Internet. More precisely, 
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upon its arrival to the range of G at time tj, a vehicle j with 
data packets queueing in its OBUB communicates with that 
SIG using the IEEE 802.11;? protocol and transmits a short 
beacon message requesting access to the Internet. At this point, 
G becomes aware of the presence of vehicle j as well as its 
speed and computes that vehicle's residence time within its 
range, Rj . The SIG, being a smart device capable of buffering 
and processing information, maintains a statuary record for 
each individual vehicle registering with it upon arrival and then 
residing within its range. As such, upon channel availability, 
the SIG will uniformly grant access to one of the requesting 
vehicles. In turn, a vehicle who has been granted access to the 
channel will transmit a single packet and return the channel 
back to G for another selection process and so forth. This 
centralized scheme ensures a fair bandwidth distribution among 
vehicles within a SIG's range as well as contention-less packet 
transmissions in a collision-free environment. At this level, it 
is worthwhile noting that, RVS, being a deterministic vehicle 
selection scheme, does not interfere with the traffic differen- 
tiation/prioritization mechanism deployed within the vehicle 
itself. Precisely, once a vehicle is selected, it may deploy any 
scheduling algorithm for sending traffic from its internal queues 
(e.g., Round Robin, Fair Queueing, etc.) 

III. Modelling and Analysis of a Vehicle's OBUB 

A. Vehicular Traffic Model 

This letter adopts the free-flow traffic model presented in [4] . 
That model characterized a homogeneous and uninterrupted 
equilibrium vehicular traffic flowing over a roadway segment 
of fixed length (e.g., dc in Fig. 1). Therein, the time axis 
was subdivided into slots of length r each. It was shown that 
/ being the number of time slots that elapses between two 
consecutive vehicle arrivals at the leading edge of G"s coverage 
range was geometrically distributed with parameter ip = ii v t 
where n v denoted the vehicle flow rate. The probability mass 
function (p.m.f.) of the residence time Rj of arbitrary vehicle j 
within the range of G was derived in [4] and is denoted herein 
by f Rd (r) where R d min < r < P£ ax , R d min = \d c /(rV m ^)l 
#max = \dc/(rV min )] with V m i n and V max being the respec- 
tive minimum and maximum vehicle speeds. Finally, it was 
shown that N r being the number of vehicles present within the 
coverage range of G during time slot r had a Poisson p.m.f. with 
parameter fi v rr ■ q(r). That p.m.f. was defined over the range 
[0; iV max ] where 7V max denoted the maximum vehicle capacity 
of the considered roadway segment and q(r) was derived as a 
function of F R d(k) being the cumulative distribution function 
(c.d.f.) or R*. 

B. OBUB Model Definition 

Following the description laid out in Section II, the OBUB of 
an arbitrary vehicle j witnesses the arrival of packets at random 
times. These packets queue at the OBUB and wait until they 
get released to the SIG G. Upon the occurrence of a packet 
release opportunity (i.e., G grants access to vehicle j), only 
a single packet (i.e., the packet occupying the Head-of-Line 
(HoL) position of the OBUB) is transmitted to G, which, in 
turn, routes that packet over the Internet. 

A close observation of the above-described system dynamics 
reveals the possibility of developing a simple single-server 
queueing model to represent the OBUB of an arbitrary vehi- 
cle and characterize its performance. This proposed queueing 



model is, however, non-traditional especially that it differs from 
its traditional counterparts (refer to [6]) by the fact that the 
OBUB has no physical server. Consequently, in order to parallel 
traditional queueing models, the proposed model herein ab- 
stracts the existence of an imaginary server located at the front 
position of the OBUB. That is, a packet that reaches the HoL 
position of OBUB is considered as being admitted into service. 
That packet's service time denoted by T#, is, therefore, defined 
as the amount of time the packet occupies the OBUB's HoL 
position before it gets released to the SIG G. The remaining 
of this section is dedicated for the resolution of the proposed 
model and the characterization of its fundamental properties. 

C. OBUB Model Resolution 

The resolution of this model is founded on top of the follow- 
ing basic assumptions, which were borrowed from [2] and [3]: 

• Al: Each vehicle is equipped with an infinite size OBUB. 

• A2: The packet arrivals to each vehicle's OBUB follow a 
Poisson process with rate X p . 

• A3: The packet size S p is fixed. 

• A4: The data rate Try of a vehicle's OBU is constant. 

• A5: Throughout its residence time within the SIG's range, 
a vehicle always has a packet to transmit. 

Consider an arbitrary tagged vehicle j with M packets 
queueing at its OBUB. That vehicle's overall residence within 
the range of G will span a number of R d time slots. Assume 
that, a packet P m (m > 0) queueing within vehicle j's OBUB 
has just been admitted into service (i.e., has just reached vehicle 
j's OBUB's HoL position) at a certain time tx = (K — l)r 
where K is a random variable whose value k is such that 
1 < k < Rj. tx represents the beginning of the kth time slot. 
Recall from Section III that, since a vehicle that is granted 
access to the channel transmits only a single packet at a time, 
then the channel becomes available at the beginning of each 
time slot. Let Nk = denote the total number of vehicles 
present within the range of G at time tx- Then, the SIG G 
uniformly selects one of these vehicles and grants it access 
to the channel. It follows that, with a probability of pk = 1/wfc, 
vehicle j is granted access to the channel. In this case, the 
service time of packet P m is S m — 0 since that packet has been 
released to G immediately after being admitted into service. 
Otherwise, with a probability of 1 — pk, a vehicle, say vehicle 
i (i 7^ j) is selected. In turn, that vehicle will transmit a single 
packet and return the channel to G for a subsequent selection 
process to take place at time tx+i = Kr. However, at time 
tx+i the number of vehicles residing within the range of G may 
have changed (i.e., some new vehicles may have arrived while 
others have departed). Let Nk+i = Wfc+i denote the number of 
vehicles residing within the range of G at time tjc+i • Thus, with 
a probability of pu+i = l/n^+i access is granted to vehicle j 
in which case the service time of packet P m will be S m = 1. 
Otherwise, with a probability of 1 — Pk+i any vehicle other 
than vehicle j is granted access and so forth. Without loss of 
generality, assume that vehicle j is granted access to transmit 
packet P m at time t x = xr (k < x < Rj). Consequently, the 
total number of time slots during which packet P m occupies 
the HoL position of the OBUB before being released to the SIG 
G IS S — 5' — X k. Here, note that, right after the release of 
packet Pm, packet P m +i would immediately advance one posi- 
tion to the front and, hence, be admitted into service. Then, the 
exact same packet release process described above will apply 
to packet P m +i. As a matter of fact, this packet release process 
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Fig. 2. C.D.F of the packet service time S for different vehicle flow rates, 
(a) Vehicle flow rate of 0.15; (b) mean squared error. 

applies to all packets queueing at vehicle j's OBUB. Hence, 
in the sequel, for generality purposes, the subscript m will be 
dropped from 5 m . The conditional p.m.f of S is given by: 

gs\{K,N x ,...,N k }(s)= Vr[S = s\K = k,N x = n x , . . .,N k = n k ] 

Px, x = k 



Px n (i - Pi), x > k 

i=k 



(1) 



where pi = l/rii and rti represents the number of vehicles 
present within the SIG's coverage range during time slot 
i (k <i <x). The packet service time p.m.f. unconditioned 

on {N x , N x -i, . . . , N k +i,N k } is given in 



g S \ K (s)=Pi[S = s\K = k] = 

,N k }(s) Pr[iVa. = n x ,...,N k = n k ] 



iVmax AT max 

n x =0 n/c=0 



(2) 



Following the vehicular traffic model presented in Section II, 
{N x , N x -i , . . . , N k +\ , N k } constitutes a sequence of i.i.d. ran- 
dom variables. As such (2) can be rewritten as: 



9s\k(s)-- 



AT max 



N n - 



rik=0 \_i=k 



JPn t XgS\{K,N x ,...,N k }(s) 



(3) 



It follows that the unconditional p.m.f. of S is given by: 

9s(s) = J2g S \K(s) • Vt[K = k],se [0;i$ (4) 
k=i 

Denote by Gs(cr) = Y^s=o 9s ( s ) me cumulative distribution 
function (c.d.f.) of S. Deriving a closed-form expression for 
Gs(cr) is difficult and evaluating it numerically is complex and 
computationally exhaustive. This complexity stems from the 
fact that S strongly depends on the time slot K where a packet 
is admitted into service. Fortunately, there exists a simple, 
yet highly accurate, approximation technique that allows for 
working around this problem. In particular, we resort to the 
collection of a large number of 10 8 samples of S in scenarios 
characterized by different values for fi v that span the entire 
range of Free-flow vehicular traffic rates as suggested in [4]. 
These samples were generated by the discrete-event simulator 
developed in Section IV. Results show that Gs (o) may be ap- 
proximated using a Binomial distribution Gs (o", N,p) whose 
parameters N and p can be easily computed numerically. Due 
to space limitation, only a subset of these results is shown in 
Fig. 2(a) where the approximated version of the packet service 



time c.d.f. is plotted concurrently with its simulated counter- 
part. Fig. 2(b) plots the Mean Squared Error (MSE) between the 
Gs(cr) and Gs(cr) curves corresponding to scenarios spanning 
all the range of vehicular free-flow rates. Figs. 2(a) through 
(b) constitute tangible proofs of the accuracy of the proposed 
approximation. This is especially true since the maximum MSE 
is of the order of 10~ 5 . To this end, the approximated average 
packet service time is given by: 



T s = Sxr 



J2\l-Gs(v) 



x r 



(5) 



where S denotes the approximated version of E [S] . 

In light of the above, the vehicle's OBUB can be represented 
using an approximate M/G5/I queueing model. Note that the 
characteristic parameters (i.e., the average customer queueing 
delay, the average number of customers in the system, etc.) are 
well known and have been fully derived in [6]. Nonetheless, the 
equations in [6] do not directly apply to the above-established 
model. This is especially true since, herein, the service position 
is the HoL position of the OBUB. Consequently, the average 
packet's service time is a factor contributing to the overall 
response time (i.e., the average amount of time a packet is 
buffered at the OBUB before being released to the SIG G). An 
approximated version of the average response time is therefore 
given by: 



T R = Ts + \ p S*Ti2(l-\ p Ts)}- 1 



(6) 



where S 2 denotes the approximated section moment of S. 
Finally, the approximated per-vehicle-average throughput is 
given by T% 



IV. Simulations and Numerical Analysis 

An in-house JAVA-based discrete-event simulator was de- 
veloped for the purpose of validating the proposed model in 
Section III and evaluate its performance in terms of: a) the aver- 
age packet service time, b) the average response time and c) the 
average per- vehicle throughput. The above-listed performance 
metrics were evaluated for a total of 10 6 vehicles and averaged 
out over multiple runs of the simulator to ensure that a 95% 
confidence interval is realized. The simulator's input parame- 
ters are: a) X p = 10 (pkts/s), b) P = 12000 (bits), c) D R = 
3 (Mbps), d) fi v e [0.1; 0.277] (veh/s), e) V min = 2.78 (m/s), 
f) Vmax = 50 (m/s), and g) d c = 1000 (m). Note that the 
vehicles' minimum and maximum speeds as well as the vehicle 
flow rates were borrowed from [4] where they were extensively 
validated. Furthermore, the adopted values for the packet size 
and the SIG's communication range conform with the DSRC 
standards [5]. 

Figs. 3(a) through (c) plot the theoretical curves of each of 
the above-listed performance metrics together with their sim- 
ulated counterparts. These figures constitute a tangible proof 
of the validity of the proposed model in Section IV as well as 
the accuracy of the adopted approximations, given the almost 
perfect match between the theoretical and simulated curves. 

Fig. 3(a) shows that the average packet service time, Ts, 
increases as a function of the vehicle flow-rate, fi v . Truly, an 
increase in fi v is accompanied by a decrease in the average 
vehicle speed and, hence, an increase in the vehicular den- 
sity over the considered roadway segment. It follows that the 
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Fig. 3. RVS model verification and performance evaluation, (a) Mean packet 
service time, (b) System's response time, (c) Mean per- vehicle throughput. 
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Fig. 4. Performance comparison of the RVS and LRT selection schemes, 
(a) Mean packet service time; (b) system's response time; (c) mean per-vehicle 
throughput. 

number of vehicles within the range of the SIG will increase, 
and the likelihood of selecting a certain tagged vehicle will 
decrease. Consequently, a packet occupying the HoL position 
of that vehicle's OBUB will experience a larger service period. 
This is directly mapped to a decrease in the average per-vehicle 
throughput, Tp, as illustrated in Fig. 3(c). 

Fig. 3(b) reflects that the average system response time, Tr, 
is also an increasing function of fi v . One may intuitively believe 
that since vehicles will spend a larger amount of time within 
G"s range as fi v increases, then they are expected to clear out a 
larger amount of packets, and the system's response time will 
decrease [6]. Although the above is true, it is, in reality, being 
opposed by the decreased likelihood that a vehicle is selected 
and granted access to the channel. This follows directly from 
the increased number of vehicles residing within the range of 
the SIG as a function of ji v \ hence, an increase in T5. Knowing 
that Ts is an integral part of Tr, it directly affects Tr. The 
effect of Ts overshadows the quasi-additional packet clear-out 
opportunities created by the extended vehicle residence time 
within the SIG's range. As a result, Tr increases. 

A. Further Discussions 

The above-presented analysis of RVS has incentivized the 
search for alternative better performing access schemes. For 
example, among all vehicles present within the SIG's range, 
prioritizing the one with the Least Residual residence Time 
(LRT) will allow that vehicle to clear-out a larger proportion 
of its packets and likely achieve a higher throughput and expe- 
rience lower response time than that experienced under RVS. 
Simulations have been conducted to compare the performance 
of LRT to RVS. The offered load has been increased to X p = 
30 (pkts/s) so as to push the arriving vehicles' queues to operate 
at the upper edge of their stability region. Consequently, the 
corresponding results reported in Fig. 4 represent performance 
upper bounds (i.e., worst case performance). 



Figs. 4(a) and (c) indicate that LRT outperforms RVS in 
terms of Ts and hence in terms of Tp. Under LRT, once a 
vehicle i is prioritized, it keeps on transmitting its packets 
until either: a) a faster vehicle, say j, has a residence time 
which is lower than the residual residence time of vehicle 
i, or b) it completely empties its buffer, or c) it goes out 
of range. In all of these cases, there exists a large number 
of packets that will experience a service time of zero. Now, 
as fi v increases, Ts achieved under LRT approaches its RVS 
counterpart. This, indeed, is due to the increase in vehicular 
density and hence the decrease in vehicle speeds. There, all 
vehicles present within the range of the SIG become almost 
equally likely to be selected. Intuitively, one would expect that 
an improvement in Ts will also lead to an improvement in Tr. 
Surprisingly, Fig. 4(b) shows that RVS outperforms LRT in 
terms of Tr. Recall that, under RVS, all vehicles present within 
the SIG's range are equally likely to be selected at all times. As 
such, the number of packets that accumulate within a particular 
vehicle's buffer will remain relatively small. In contrast, under 
LRT, the SIG may not immediately grant access to a newly 
arriving vehicle unless that vehicle is much faster than all its 
predecessors and hence will exhibit the shortest residence time. 
Accordingly, from the time a vehicle arrives until the time it 
gets prioritized, packets will be accumulating inside its buffer. 
Hence, based on Little 's Theorem, the average packet queueing 
delay will increase. Under a heavy offered load, the average 
queueing delay component will increase to the point that it 
overshadows the improvement in the mean packet service time. 

V. Conclusion 

This letter proposes a RVS channel access scheme for 
DTI systems where an arbitrary vehicle's OBUB can be mod- 
eled as a M/G/l queueing system. As opposed to existing 
DTI models, the proposed model herein is simple and able 
to achieve comparable accuracy to existing models in the 
literature. A simulation framework is established to verify 
the proposed model's validity, evaluate and compare RVS's 
performance to the Least residual Residence Time (LRT) se- 
lection scheme. Results show that LRT outperforms RVS in 
terms of average service time and per-vehicle throughput. 
However, RVS outperforms LRT in terms of the system's 
response time. 

References 

[1] W. Tan, W. C. Lau, O. Yue, and T. H. Hui, "Analytical models and per- 
formance evaluation of drive-thru Internet systems," IEEE J. Sel. Areas 
Commun., vol. 59, no. 1, pp. 207-222, Jan. 2010. 

[2] M. Khabbaz, M. Hasna, C. M. Assi, and A. Ghrayeb, "Modelling and anal- 
ysis of an infrastructure service request queue in multi-channel V2I com- 
munications," IEEE Trans. Intell. Transp. Syst., to be published. 

[3] C. Campolo, A. Vinel, A. Molinaro, and Y. Koucheryavy, "Modeling broad- 
casting in IEEE 802. 1 lp/WAVE vehicular networks," IEEE Commun. Lett. , 
vol. 15, no. 2, pp. 199-201, Feb. 2011. 

[4] M. Khabbaz, "Modelling and analysis of intermittently connected roadside 
communication networks," Ph.D. dissertation, Concordia Univ., Montreal, 
QC, Canada, 2012. 

[5] DSRC Standards: What's New? ITS Standards Advisory number 3, U.S. 

Department of Transportation, Apr. 2003. 
[6] L. Kleinrock, Queueing Systems. Volume 1: Theory. New York, NY, 

USA: Wiley-Interscience, 1975. 



